Abstract. Chronic myeloid leukemia (CML) is characterized by a constitutively active Bcr-Abl tyrosine kinase. Although Imatinib has been proven to be an effective drug against CML, its resistance has been observed with disease relapse due to T315I predominant point mutation. Liriodendron tulipifera L
Introduction
Chronic myelogenous leukemia (CML) is one of the neoplasms characterized by abnormally elevated white blood cells (WBCs) (1) . The incidence of CML in the United States is ~5,000 cases per year, and its prevalence has been increasing annually since 2000, owing to the low annual mortality rate of 1-2% (2) . CML has a pivotal place in oncology because >95% of affected individuals express fusion Bcr-Abl protein, a genetic rearrangement formed by reciprocal translocation between chromosomes 9 and 22, which results in a shortened 22q-the Philadelphia chromosome (Ph) (3) . The subsequent deregulation of Bcr-Abl leads to enhanced proliferation, resistance to apoptosis, and altered adhesion through hyperactivation of various signaling pathways, including MAPK/Erk and PI3K/Akt (4) . The universal presence of Bcr-Abl fusion protein in CML patients has led to the development of small molecule kinase inhibitors to target Bcr-Abl.
Imatinib, the first generation powerful tyrosine kinase inhibitor (TKI), revolutionized the treatment of CML (5) . Imatinib has demonstrated excellent treatment for CML due to a cumulative complete cytogenetic response (CCyR) rate of 87% and the projected overall and progression-free survival rates of 89% in a newly diagnosed patient with CML-chronic phase (CML-CP) (6) . Unfortunately, resistance to Imatinib is encountered, and an increasing number of recent studies have documented a lack of patient response to Imatinib (7, 8) . Imatinib resistance might to be due to amplification and point mutation in a kinase domain of Bcr-Abl (9, 10) .
More than 40 kinds of different point mutations have been classified to be related with clinical resistance to Imatinib, and especially 20% of all the point mutations are identified to be a stubborn point mutation, namely the T315I point mutation, which is an amino acid transformation in the Abl 315th position (11) . Although, the second generation Bcr-Abl TKIs, such as Nilotinib and Dasatinib, have been developed and circumvented several types of point mutations (E255K, M351T), those have not overcome T315I mutation as well (12, 13) . These TKIs are not curative since most patients who discontinue therapy due to drug resistance will exhibit rapid progression. To overcome this resistance, more effective tyrosine kinase inhibitors are being developed, however, drug resistance and side effects of new agents are still important issues to be CD-200 induces apoptosis and inhibits Bcr-Abl signaling in imatinib-resistant chronic myeloid leukemia with T315I mutation (14, 15) . Among these, Yellow poplar or tulip tree, Liriodendron tulipifera L. (Magnoliaceae), is a fast growing native timber tree with a tall and straight trunk in North America (16) . The bark of Liriodendron tulipifera L. was widely used by the Native Americans as a tonic, stimulant, and its diaphoretic properties have been considered effective in treating chronic rheumatism, dyspepsia and avian malaria (17) . To date, the phytochemical investigation of Liriodendron tulipifera L. has yielded numerous constituents, including antiplasmodial alkaloids, various bioactive lignans, and cytotoxic sesquiterpene lactones (18) (19) (20) (21) .
A recent study has reported that partenolide, one of the sesquiterpene lactones isolated from Liriodendron tulipifera L. and its semi-synthetic derivatives, showed a cytotoxic effect in leukemia cells (22) . These facts imply that the extract of Liriodendron tulipifera L. has the potential to be an anticancer agent in leukemia. For this reason, Liriodendron tulipifera L., a rich source of metabolites with a-methylene-r-lactone moiety, was chosen to be investigated for anti-leukemic potential. In this study, we extracted CD-200 with rich sesquiterpene lactones from Liriodendron tulipifera L. and investigated its anticancer effect and mechanism of action in BaF3/T315I or BaF3/WT leukemic cells. Our present study demonstrated that CD-200 inhibited the Bcr-Abl pathway and induced apoptosis in BaF3/WT cells, and also T315I-mutated Bcr-Abl cells with resistance to Imatinib.
Materials and methods

Extraction of CD-200.
Trees of Liriodendron tulipifera L., yellow poplar (~0.9-1.4 meters in height), were collected from Kangjin, Chonnam Province, Korea. Air-dried trees (1.0 kg) were chopped off before extraction. The chopped plant materials were exhaustively extracted three times with either ethyl acetate or ethanol. each extract was separately filtered and concentrated by a rotary evaporator. The resulting concentrates were completely dried via freeze dryer to yield brownish extract (11.3 g ). In order to isolate the active ingredient, sesquiterpene lactones, including epi-Tulipinolide from ethyl acetate or ethanol extract, further reversed-phase high-performance liquid chromatography (HPLC) with a stepwise gradient solvent system from H 2 O to methanol was performed.
Cells and materials. The BaF3/WT and BaF3/T315I cells were provided by Dr m. Deininger (Huntsman Cancer Institute, Salt Lake City, UT, USA). The cells expressed wild-type Bcr-Abl and Bcr-Abl with the T315I mutation, respectively. BaF3/WT and BaF3/T315I cells were grown in Roswell Park Memorial Institute Medium-1640 (RPMI-1640), containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. RPMI-1640, FBS, and penicillin/streptomycin were purchased from Gibco (Grand Island, NY, USA). Imatinib was purchased from LC Laboratories (Woburn, MA, USA), and sodium 2,3-bis(2-methoxy-4-nitro-5-sulfophe sodium 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt (XTT) assays were purchased from WelGene Inc. (Daegu, Korea).
Cell viability assay. Cell viability of corresponding compounds was determined by XTT assay. The cells were seeded and treated onto 96-well plates at a density of 1x10 3 cells per well and incubated at 37˚C for 48 h. the cells were then treated with either CD-200 or Imatinib at the indicated concentrations (0.1-10 µg/ml) or (0.01-10 µM), respectively. Then, 10 µl of XTT labeling mixture [1 ml of XTT/20 µl of phenazinemethosulfate (PMS)] was added to each well. After incubation for 4 h, optical density (OD) was determined using a microplate reader by measuring the absorbance at wavelengths 540 nm and 620 nm. The absorbance rates for each well were calculated as OD 540 -OD 620 .
Western blotting. After the cells were treated with various concentrations of either CD-200 or Imatinib and incubated at 37˚C for various times, they were collected and washed with cold phosphate-buffered saline (PBS). Then, the cells were lysed with a RIPA buffer (Biosesang, Seongnam, Korea) containing protease and phosphatase inhibitor cocktails (GenDEPOT, Barker, TX, USA). The proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred onto the nitrocellulose membranes. The blots were immunostained with appropriate primary antibodies followed by secondary antibodies conjugated to horseradish peroxidase. Antibody binding was detected with an enhanced chemiluminescence reagent (bio-Rad, Hercules, Ca, usa). Immunofluorescence. BaF3/T315I cells were plated in 48-well plates with RPMI-1640 medium and treated with CD-200 for various concentrations. The cells were then suspended on poly-L-lysine-coated slides, followed by Shandon Cytospin 3 (akribis scientific, Cheshire, Wa, usa) for 3 min at 1000 rpm. thereafter, the cells were fixed in 4% paraformaldehyde (PFa) for 15 min at room temperature and washed twice with PBS. The cells were blocked in 5% horse and goat serums in PBS for 1 h at room temperature, then incubated in a humidified chamber at 4˚C overnight with p-bcr-abl (tyr 177 ) antibody (Cell Signaling Technology). After washing twice with PBS, the cells were incubated with rabbit tetramethyl rhodamine isothiocyanate (TRITC) secondary antibody (Dianova, Germany) for 1 h at room temperature. They were also stained with 4,6-diamidino-2-phenylindole (DAPI) to visualize the nuclei. The slides were then washed twice with PBS and covered with Dako (Carpinteria, CA, USA) before viewing with a confocal laser scanning microscope (Olympus, Tokyo, Japan). moreover, after deparaffinization, immuno staining was performed, using 8-µm-thick sections of the tumor samples. The tissue sections were then blocked with a normal goat or horse serum (Vector Laboratories, Burlingame, CA, USA) for 1 h, and were incubated at 4˚C overnight with the primary antibody. After washing twice with PBS, the cells were incubated with the rabbit TRITC secondary antibody for 1 h at room temperature. They were also stained with DAPI to visualize the nuclei. The slides were then washed twice with PBS and covered with Dako before viewing with a confocal laser scanning microscope.
Cell cycle analysis. BaF3/T315I cells were plated in 10-cm dishes with an RPMI-1640 medium and treated with CD-200 at the indicated concentrations (0-5 µg/ml). The cells were collected and fixed in cold 70% ethanol at -20˚C overnight. After washing with PBS, the cells were subsequently stained with 50 µg/ml propidium iodide (PI) and 100 µg/ml RNase A for 30 min at room temperature in the dark; then a flow cytometric analysis was performed to determine the percentage of cells in specific sub-G 1 phases, using a FaCs Calibur flow cytometry (BD Biosciences, San Jose, CA, USA).
TUNEL staining. BaF3/T315I cells were plated in 48-well plates with RPMI-1640 medium and treated with various concentrations of CD-200. The cells were then suspended on poly-L-lysine-coated slides, followed by Shandon Cytospin 3 for 3 min at 1000 rpm. they were then fixed in 4% PFa for 15 min at room temperature and washed twice with PBS. The terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) was subsequently performed using a TUNEL kit (Merck Millipore, Temecula, CA, USA) in accordance to the manufacturer's instructions.
Measurement of mitochondrial membrane potential.
Mitochondrial membrane potential (MMP, ∆ψ) was assessed using the Mitochondrial Membrane Potential Detection kit (BD Biosciences). BaF3/T315I cells were then treated with various concentrations of CD-200 for 8 h. The cells were incubated with JC-1 working solution at 37˚C. after washing two times, the cells were suspended in 0.5 ml of 1X assay buffer prior to flow cytometry. The results were analyzed using FlowJo software (Tree Star, Ashland, OR, USA).
Analysis of cytochrome c localization.
BaF3/T315I cells were treated with various concentrations for 8 h. To label the mitochondria, the cells were incubated with 500 nM mitochondrion-specific dye (mitotracker ® Green FM; Molecular Probes Inc., eugene, oR, usa) for 45 min at 37˚C prior to fixation. The cells were then suspended on poly-L-lysine-coated slides, followed by Shandon Cytospin 3 for 3 min at 1000 rpm. They were then fixed in 4% PFa for 15 min at room temperature and washed with Pbs. the cells were incubated at 4˚C overnight with cytochrome c antibody (Santa Cruz Biotechnology). After washing twice with PBS, the cells were incubated with mouse TRITC secondary antibody (Dianova). The cells were also stained with DAPI to visualize the nuclei. The slides were then washed twice with PBS and covered with Dako before viewing with a confocal laser scanning microscope. , they were randomly divided into 3 groups, with 5 mice in each. Then, these mice were given CD-200 (50 mg/kg) or Imatinib (50 mg/kg) intraperitoneally once a day for 11 days, and the control group was fed vehicle. The tumor size was measured every 2 days, and it was calculated using the formula, 0.5 x length x width 2 .
Immunohistochemistry. The tissue sections were blocked with normal goat or horse serum (Vector Laboratories) for 1 h, and incubated at 4˚C overnight in 1:50 dilutions of p-bcr-abl, Ki-67, and cleaved caspase-3 (Cell Signaling Technology). The sections were then incubated with biotinylated secondary antibodies (1:100) for 1 h. The sections were visualized by an avidin-biotin peroxidase complex solution using an ABC kit (Vector Laboratories), which were then washed in PBS and developed with a diaminobenzidine tetrahydrochloride substrate for 15 min, then counterstained with hematoxylin. At least 3 random fields of each section were examined at x400 magnification and analyzed using a computer image analysis system (Media Cybernetics, Rockville, MD, USA).
Statistical analysis. Data were expressed as the mean ± standard deviation (SD). Statistical analysis was performed using anoVa and unpaired student's t-tests. statistical significance was set to p<0.05. ) were effectively suppressed. In contrast, Imatinib did not alter the phosphorylation levels of Bcr-Abl, Crkl, and Stat5 in BaF3/T315I cells. The expression of p-bcr-abl was confirmed by confocal fluorescent microscopy (Fig. 2B) .
Results
CD-200 inhibits the proliferation of BaF3/WT and
CD-200 induces apoptotic cell death in BaF3/T315I cells. In order to investigate whether the anticancer effect of CD-200
in BaF3/T315I cells was associated with the induction of apoptosis, we performed several cell-based apoptosis assays. We first identified the nuclear morphology on 12 h after treatment with CD-200 by using TUNEL apoptosis assay kits. As a result, CD-200-treated cells were presented with more prominent DNA fragmentation in comparison to the control group (Fig. 3A) . Next, we assessed the cell cycle distribution by a flow cytometric analysis. after 24 h treatment with CD-200, the cells were collected and stained with PI, then analyzed by FACS. As shown in the Fig. 3B , CD-200 increased the number of cells in the sub-G 1 phase, associated with early apoptosis without changes of the cell cycle arrest (Fig. 3B) . In support of apoptotic effect of CD-200, we observed that CD-200 also increased cleaved caspase-3 positive cells by FACS (Fig. 3C) .
CD-200 induces mitochondria-dependent apoptosis in
BaF3/T315I cells. To gain further insight into the mechanism underling apoptosis induced by CD-200, we examined the mitochondrial potential change, which plays an important role in the regulation of apoptosis. Since a loss of MMP induces the transition of mitochondrial permeability and release of cytochrome c from the mitochondria to cytosol (23), we measured the MMP and cytochrome c release in CD-200-treated BaF3/ t315I cells. as shown in Fig. 4a , CD-200 significantly reduced the fluorescence intensity reflecting mmP, while no changes were observed in the Imatinib-treated group. Moreover, we observed that the treatment of CD-200 increased the release of cytochrome c by immunostaining (Fig. 4B) . In addition, CD-200 inhibited the expression of mitochondria-mediated protein families, such as Mcl-1, and survivin (Fig. 4C ) along with that of cleaved PARP. These results indicated that CD-200 induced apoptosis through the mitochondria-mediated intrinsic pathways in BaF3/T315I cells.
CD-200 inhibits tumor growth in mouse xenograft models.
We extended our study to an in vivo mouse xenograft model. After inoculation with BaF3/T315I cells, mice were intraperitoneally injected with CD-200, at doses of 50 mg/kg and Imatinib, once a day for 11 days. CD-200 potently inhibited the progression of tumor growth, which became more noticeable and significant on day 11 as compared to the control group, whereas Imatinib treatment did not show significant anticancer effect in this BaF3/T315I cell xenograft model (Fig. 5A) . No significant changes in body weight or adverse effect were observed in any of the groups (data not shown). to further confirm whether CD-200 inhibits tumor growth through the induction of apoptosis and inhibition of proliferation, we identified the expression of cleaved caspase-3 and Ki-67 in tumor tissues. As expected, CD-200-treated tumor showed an increased expression of cleaved caspase-3 and decreased Ki-67 expression compared to the control and Imatinib groups (Fig. 5B) . Moreover, the treatment with CD-200 decreased the phosphorylation of p-Bcr-Abl (Fig. 5B) . Taken together, these results demonstrate that CD-200 has antitumor potency in the mouse xenograft model bearing BaF3/T315I cells.
Discussion
For over 40 years, natural products have played a very important role in cancer chemotherapy, either as unmodified or synthetically modified forms (24) . For instance, plant-derived compounds are widely used as anticancer agents, such as bisin- dole (vinca) alkaloids, camptothecins, epipodophyllotoxins, and taxanes (25) . The focus in cancer control has been on the search for safer anticancer agents, with higher patient acceptability. Thus, the use of herbal/natural products is more popular over synthetic drugs, and provides alternative treatment options for patients (26, 27) . Natural products have been investigated for cancer prevention and treatment (27, 28) . In this study, we extracted CD-200 from Liriodendron tulipifera L., with abundant sesquiterpene lactones. Based on a previous study where sesquiterpene lactones, isolated from Liriodendron tulipifera L., showed cytotoxic effect in leukemia cells (22), we set out to identify the anticancer effects of CD-200, and its mechanism of action in BaF3/WT and BaF3/T315I leukemia cells with Imatinib resistance. Herein, we report for the first time that CD-200 inhibited the Bcr-Abl signaling pathway, which may lead to the inhibition of cell growth and induction of apoptosis in vitro and in vivo models of Imatinib-resistant CML.
Imatinib has been used as a major TKI to target the Bcr-Abl tyrosine kinase activity in CML patients for decades (29) . However, Imatinib resistance develops over time and is an emerging problem for CML patients. Although, Imatinib strongly inhibits the phosphorylation of tyrosine in the wild-type Bcr-Abl, it does not act on Bcr-Abl with T315I mutations (30) . Although the new second-generation Abl kinase inhibitors, such as AMN107, Dasatinib, INNO-406 and PD166326, have been developed, they do not show any positive effects in Imatinib-resistant patients with T315I mutation (12, 13, 31, 32) . Thus, it is important to develop alternative treatment strategies. In this study, we aimed to identify effective chemotherapy with the use of natural products against CML cells with T315I-mutant Bcr-Abl that confers resistance to Imatinib. To carry this out, we extracted CD-200 from Liriodendron tulipifera L., and investigated whether CD-200 had potent activity in BaF3-expressing wild-type Bcr-Abl and T315I-mutated Bcr-Abl cells. CD-200 strongly inhibited the cell proliferation in both BaF3/WT and BaF3/T315I cells. However, Imatinib failed to inhibit the proliferation of baF3/ T315I cells, since Imatinib did not inhibit cell growth even at a high concentration (10 µM).
The Bcr-Abl kinase signals affects multiple downstream survival pathways, including Ras/Raf/Mek, PI3K/Akt, and Jak/Stat, which contribute to the pathogenesis of CML (33, 34) . Especially, Stat5 pathway, a surrogate marker of Bcr-Abl activity in primary CML cells, contributes to leukemic cell proliferation and survival (35) . Furthermore, the Stat5 activation is mediated by an adaptor protein, Crk-like protein (Crkl) (36) . In addition, Stat5 activity appears to play a major role in anti-apoptotic and proliferative abilities of Bcr-Abl transformed cells (37) . Thus, we investigated whether CD-200 could suppress the Bcr-Abl signaling pathway. tant mutation, whereas no inhibition of phosphorylation was induced by Imatinib treatment.
Apoptosis is a controlled form of cell death with the ability to contribute to the inhibition of cell growth in cancer cells. To date, the molecular mechanisms by which anticancer drugs induce apoptosis have been reported to involve the activation of various apoptotic signaling or inhibition of survival signaling (38, 39) . Bcr-Abl is known as a potent cell death inhibitor and inhibits apoptosis, as well as the enhancement of cell proliferation in CML (40, 41) . Bcr-Abl positive cells continue to signal biochemically to prevent apoptosis induced by chemotherapeutic therapy (42) . Previous studies have shown that Bcr-Abl prevents apoptosis through the inhibition of mitochondrial cytochrome c release (41) . In keeping with these reports, we examined whether CD-200 has an effect on the mitochondrial membrane potential and induction of apoptosis in BaF3/T315I cells. In this study, we observed that CD-200 increased cytochrome c release and decreased the expression of Mcl-1 and survivin, which has been proposed to bind to caspases to inhibit apoptosis with mitochondria potentialrelated molecules (43) . CD-200 induced an increased expression of cleaved PARP, as well as TUNEL positive apoptotic bodies.
Previously, anticancer effects of several sesquiterpene lactones, a main ingredient of CD-200, isolated from various plants have been reported to modulate various molecular signal transduction pathways (44) (45) (46) . Especially, Yeh et al have reported that sesquiterpene lactones induced apoptosis by increasing caspase-3 through a modulation of the Stat signaling pathway in lung cancer (47) . Similarly, CD-200, including sesquiterpene lactones, also induced apoptosis by changing the mitochondria potential in CML cells, although their source were different. These events were supported by in vivo results, showing that CD-200 inhibited the tumor growth and induced apoptosis by increasing the expression of cleaved caspase-3 in tumor tissues of xenograft mouse BaF3/T315I cells. In contrast, Imatinib did not change the expression of apoptosis-related molecules in vitro and in vivo. Considering all the above results, CD-200 induced apoptosis via a mitochondria-dependent pathway in BaF3/T315I cells, suggesting that apoptosis by CD-200 may be accomplished by inhibiting the Bcr-Abl signaling pathways.
In conclusion, our study demonstrated that CD-200 suppressed tumor growth and induced mitochondria-mediated apoptosis by downregulating the Bcr-Abl signaling pathway. our findings could be considered for future clinical investigations in CML patients with Imatinib resistance. We suggest that CD-200 may have great potential in overcoming T315I mutation-induced Imatinib resistance in patients with CML.
